We studied the effects of coating titanium implants with teicoplanin and clindamycin in 30 New Zealand White rabbits which were randomly assigned to three groups. The intramedullary canal of the left tibia of each rabbit was inoculated with 500 colony forming units of Staphylococcus aureus. Teicoplanin-coated implants were implanted into rabbits in group 1, clindamycin-coated implants into rabbits in group 2, and uncoated implants into those in group 3. All the rabbits were killed one week later. The implants were removed and cultured together with pieces of tibial bone and wound swabs. The rate of colonisation of the organisms in the three groups was compared.
Infections associated with internal fixation devices and prostheses occur in between 0.7% and 4.2% of elective cases and up to 33% after high-energy open fractures. [1] [2] [3] Their treatment is challenging, and removal of the device, extensive debridement, long-term use of antibiotics and multiple further operations may be needed. [4] [5] [6] Although antibiotics are widely used in these infections, there may be adverse effects, such as toxicity, insufficient penetration into the bone and joints, and difficulties in monitoring their level. [7] [8] [9] The surface and adjacent surroundings of the implant are difficult to reach with systemic antibiotics and bacteria on the surface of the implant build a biofilm layer to reduce exposure to the antibiotic and the host immune system. 10, 11 In the early 1970s Bucholz and Engelbrecht 12 mixed antibiotic and polymethylmethacrylate (PMMA) bone cement to treat infection after joint replacement surgery. Experimental studies and clinical trials have compared the use of different antibiotics combined with PMMA. [13] [14] [15] [16] Among other local delivery systems are antibiotic-loaded collagen gauze bands, antibioticloaded bone structured materials and polyurethane implants that can be applied over external fixation pins to avoid pin-track infection. [17] [18] [19] [20] All these methods need a carrier other than the implant itself to release the antibiotic. They may also require a further operation for its removal, as with bone cement spacers. Despite these technical limitations, the local application of antibiotic is widely used, 3, [21] [22] [23] and local delivery by mixing with cement in joint replacement has been successful in cases with a relatively high risk of infection. 24, 25 Studies have recently been published [26] [27] [28] [29] [30] [31] in which implants have been coated with gentamicin, vancomycin and minocycline with rifampicin, thereby preventing the formation of the biofilm over the implant.
This study examined and compared the antimicrobial effectiveness of teicoplanin-and clindamycin-coated titanium wires on an experimental model of Staphylococcus aureus infection.
Material and Methods
Preparation of antibiotic-covered implants. Titanium wires 2 mm thick and 35 mm long were used. Their tips were curved for ease of use. The surfaces of the wires were covered with 200 mesh silica sand under 6 bar pressure. Antibiotic coating was applied directly without using a carrier system. Methanol solutions containing 16 mg/ml teicoplanin and 12 mg/ml clindamycin were sprayed directly on to the wires, which had been sandblasted and left to dry. The local Animal Experimental Ethics Commission approved the study. We used 30 female New Zealand white rabbits whose mean weight was 2.02 kg (1.22 kg to 3.02 kg). They were chosen randomly and divided into three groups. The operations were conducted under general anaesthesia using 7.5 mg/kg to 15 mg/kg propofol (Abbott) IV following sedation with 3 mg/ kg to 5 mg/kg Alfazin (Ege Vet) IM. The rabbits were not given prophylactic antibiotics before or after the operation. Before operation the left rear legs of the rabbits were shaved and washed with antiseptic solution, dyed with 10% polyvinylpyrolidone solution and covered with sterilised drapes. Anaesthetised rabbits were laid supine and a skin incision 1 cm long was made on the lateral side of the patella of the left knee. After soft-tissue dissection, the tibial plateau was exposed. The intramedullary canal was opened and reamed with a 2 mm wire. An inoculation of 5 × 10 2 CFU S. aureus was introduced into the intramedullary canal with a 21 G green needle. The titanium wires were placed in the intramedullary canal. In group 1 the wire had been sprayed with teicoplanin, in group 2 with clindamycin, and in group 3 the wire was uncoated. In order to avoid irritation, the tips of the wires were cut and left under the skin, which was closed with 3/0 monofilament nylon and the wound covered with sterilised gauze. The rectal temperature was taken daily and any rash or discharge in the limb was noted. Collection of samples for microbiological examination. After one week the rabbits were killed with an intracardiac injection of phenobarbitone. The limbs were prepared for operation and the implant removed and placed in a sterile container. The tibial plateau was excised with a rongeur. Swabs were taken from the site of entrance of the implant and the proximal intramedullary canal. Samples of bone were taken with a rongeur and placed in a sterilised container. A sample of 20 ml of cardiac blood was taken.
Microbiological evaluation. Each implant was placed in 2 ml of a serum solution in a sterile tube and mixed at room temperature with an ultrasonic mixer for ten minutes. Dilutions of 1/10, 1/100 and 1/1000 were then inoculated on to blood agar plates. The plates were kept in an incubator at 37°C for 48 hours and then their bacterial content was assessed. The samples of bone tissue were put in 2 ml of a serum solution in sterilised tubes and mixed with the ultrasonic mixer for ten minutes at room temperature. Dilutions of 1/10, 1/100 and 1/1000 were then inoculated onto blood agar plates which were kept in an incubator at 37°C for 48 hours, and their bacterial content was then assessed. The swab samples were assessed in a similar manner, as were the blood samples. Statistical evaluation. Positive cultures were identified and possible contaminants recognised. SPSS for Windows 16.0 (SPSS Inc., Chicago, Illinois) software was used and the means (SD) identified. In cross-table analysis, Pearson's exact and Fisher's exact chi-squared tests were used; p < 0.05 was accepted as statistically significant.
Results
In vitro antimicrobial activity. The presence of S. aureus was evaluated in the media culture at 24 and 48 hours. Inhibition of reproduction was observed on the surface and in the surroundings of the wires in the media in which the teicoplanin-and clindamycin-covered wires were placed, but there was considerable growth on the discs where nonantibiotic wires were placed (Figs 1 to 3) . Body temperature. No rise in temperature was detected in any of the three groups. Microbiological assessment. Implant colonisation. Bacterial growth was seen in none of the subjects in group 1, and in one in group 2. Growth occurred in all samples from group 3 (Table I ). No meaningful difference was detected between the rates of bacterial growth in the first and second groups (chi-squared Fisher's exact test, p = 1.000). A statistically meaningful difference was detected between group 1 and group 3, as well as between groups 2 and 3 (chi-squared Fisher's exact test, p < 0.001). Bacterial growth on bone tissue. On the samples taken from the left tibia no growth was seen in group 1, in one in group 2 and in all in group 3 (Table II) . A statistically meaningful difference was detected between group 1 and group 3, as well as between group 2 and 3 (chi-squared Fisher's exact test, p < 0.001). Results of swab cultures. No growth was observed in samples from group 1 in the implant entrance and the proximal tibial intramedullary canal. Growth was observed in one subject in group 2, and in all in group 3 (Table III) . A statistically meaningful difference was detected between growth in group 1 and group 3 and in group 2 and group 3 (chi-squared Fisher's exact test, p < 0.001). It was the same rabbit in group 2 that produced growth on the implant, bone tissue and swab culture. Results of blood culture. A positive blood culture was detected in none of the rabbits.
Discussion
Antibiotic coating of medical devices has been developed as a potentially effective method for the prevention of infection in implants. 32 We have shown that teicoplanin-and clindamycin-coated titanium wires can provide protection against colonisation and infection by S. aureus, which is Photograph showing the clindamycin-coated titanium wire on an agar plate with Staphylococcus aureus (American-type culture collection 29123) strain produced a zone of inhibition of 13 mm after 48 hours. one of the most common pathogens in such infections. We used the technique described by Darouiche et al 30 for antibiotic coating. Our findings indicate that local antibiotic treatment with a carrier is not necessary if the implant is coated with antibiotic. This eliminates the need for a second operation to remove the carrier. S. aureus, which we used as active infective agent, has been isolated from 70% to 90% of deep wound infections observed after elective orthopaedic operations, together with coagulase-negative staphylococcus (S. epidermidis). [4] [5] [6] 33 Both have a high affinity for bone, accelerate the induction of osteonecrosis and resorb bone matrix. The experimental model we used can be employed in other studies. Darouiche et al 30 found implant-related infection in five and osteomyelitis in six of 13 cases in their study in which they used titanium wires covered with minocycline and rifampicin. They also found colonisation of the implant, osteomyelitis and implantrelated infection. They emphasised that a broad-spectrum antibiotic would protect against superinfections, and that the minocycline-rifampicin combination would broaden the spectrum against Gram-negative bacteria. They observed that when the implant was covered with antibiotic a biofilm layer was created which was also effective. An in vitro zone of inhibition that exceeds 10 mm to 15 mm is regarded as effective, and has been shown to accurately predict the likelihood of the effectiveness of antibiotic coating against S. aureus colonisation and infection in both animal and clinical studies. [34] [35] [36] [37] [38] [39] We observed a zone of inhibition against S. aureus of 15 mm with teicoplanin-coated wire and 13 mm with clindamycin-coated wire.
Lucke et al 26 covered titanium wires with gentamicinloaded poly (D,L-lactide) (PDLLA) and studied in an experimental rat model, the protective effect from implant-related osteomyelitis. They noted that implants covered with PDLLA and 10% gentamicin reduced implant-related infection effectively. The mean bacterial count of implant cultures in PDLLA and the 10% gentamicin-covered group was 182 (SD 101) CFU. They stated that with this method implant colonisation was prevented with a high level of antibiotic peri-operatively. Antoci et al 29 developed implants attaching vancomycin covalently to titanium wires and studied their protectiveness in a model of infection in the rat thigh. They reported that vancomycin-modified implants were superior to control titanium implants in bacterial colonisation and proliferation.
Teicoplanin is a glycopeptide antibiotic and has a broad spectrum, including Gram-positive aerobic and anaerobic bacteria as well as methicillin-resistant S. aureus (MRSA). 1, [40] [41] [42] [43] The observation that teicoplanin can penetrate into muscle and bone tissues has made its use parenterally common in bone and joint infections. 44 It is very effective against all staphylococci, streptococci, enterococci and pneumococci. Its half-life is 88 to 182 hours, and because of this it can be administered parentally in a single dose. 45 Clindamycin is one of the antibiotics frequently used in local application 2, 46 and is effective against Gram-positive bacteria and Gram-negative anaerobic bacteria. 47 It penetrates very well into bone tissue and is successful in the treatment of osteomyelitis. 48, 49 In our study, although destructive osteomyelitis was detected in all cases in the control group and in one case in the clindamycin group, no osteomyelitis was seen in the teicoplanin group. The effects of teicoplanin and clindamycin are more broad and specific than those of minocycline and rifampicin. We consider that teicoplanin is a more appropriate choice for avoiding infection associated with internal fixation devices and prostheses, despite its high cost, because it has high sensitivity and effectiveness against active bacteria. Clindamycin can also be recommended especially when anaerobe organisms are involved. An ideal animal model will produce an infection rate of 100% and with low mortality. 50 These criteria were fulfilled in our study.
Sandblasting increases surface roughness. This technique was applied to the titanium implant to increase its surface for osseointegration. Good bone-to-implant contact was found, 51 and it is a valuable preparation before antibiotic coating.
Osseointegration is an important requirement in implants such as joint prostheses. In an experimental study, the application of tobramycin to Peri-Apatite-coated titanium foam implants appears to be an effective means of prophylaxis against infection in uncemented implants, and has a beneficial effect on fixation, which will improve long-term survival. 52 Another study analysing adhesion of osteoblasts to antibioticcoated titanium surfaces showed evidence of greater numbers of osteoblasts on a titanium surface coated with penicillin/ streptomycin. 53 Hydroxyapatite impregnated with gentamicin has been used as a drug delivery system to eradicate S. aureus. Gentamicin has been shown to have no inhibitory effect on osteointegration. 54 Antibiotic-impregnated calcium hydroxyapatite ceramic has been used in 18 patients with chronic osteomyelitis. The infection was controlled satisfactorily, and incorporation of the ceramic material into host bone was demonstrated radiographically. 55 Clindamycin and teicoplanin are both heat-stable antibiotics 56, 57 that can be used with cemented implants. Covering titanium implants with teicoplanin or clindamycin is a useful approach, as it requires no additional material except for the implant itself, and provides excellent protective effects against infections and osteomyelitis.
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